Abstract-In clinical practice, an overwhelming majority of biopsied thyroid nodules are benign. Therefore, there is a need for a complementary and noninvasive imaging tool to provide clinically relevant diagnostic information about thyroid nodules to reduce the rate of unnecessary biopsies. The goal of this study was to evaluate the feasibility of utilizing comb-push ultrasound shear elastography (CUSE) to measure the mechanical properties (i.e., stiffness) of thyroid nodules and use this information to help classify nodules as benign or malignant. CUSE is a fast and robust 2-D shear elastography technique in which multiple laterally distributed acoustic radiation force beams are utilized simultaneously to produce shear waves. Unlike other shear elasticity imaging modalities, CUSE does not suffer from limited field of view (FOV) due to shear wave attenuation and can provide a large FOV at high frame rates. To evaluate the utility of CUSE in thyroid imaging, a preliminary study was performed on a group of five healthy volunteers and 10 patients with ultrasound-detected thyroid nodules prior to fine needle aspiration biopsy. The measured shear wave speeds in normal thyroid tissue and thyroid nodules were converted to Young's modulus (E), indicating a measure of tissue stiffness. Our results indicate an increase in E for thyroid nodules compared to normal thyroid tissue. This increase was significantly higher in malignant nodules compared to benign. The Young's modulus in normal thyroid tissue, benign and malignant nodules were found to be kPa, kPa, and kPa, respectively. Results of this study suggest the utility of CUSE in differentiating between benign and malignant thyroid nodules.
I. INTRODUCTION
T HE INCIDENCE of thyroid cancer is increasing rapidly, more than that of any other cancer, in both males and females and within all ethnic backgrounds [1] , including a drastic increased incidence in recent years [2] - [5] . While palpable thyroid nodules are very common [6] , [7] , studies have shown that as many as 68% of the general population are diagnosed with one or more thyroid nodule upon ultrasound (US) examination, which are not clinically apparent at physical examination. Ultrasound is the first line imaging tool for characterization of the thyroid and can accurately determine the number, locations, and sizes of nodules within the gland [7] - [10] . The presence of microcalcifications, ill-defined or spiculated margins, irregular shape, relative hypoechogenicity, mixed or solid echotexture, and absent halo sign have significant association with malignancy [11] - [18] . However, each of these individual features, if used alone, is not an accurate predictor of thyroid cancer [19] . While the combination of features is highly specific for malignancy (80.8%-96.1%), the sensitivity of US to detect specific features is low (9.7%-48.3%) [13] , [20] , [21] . Consequently, US demonstrated relatively low specificity in detecting malignant nodules, which limits its ability to accurately distinguish malignant lesions from the sea of benign nodules [22] . Because only a minority of US detected thyroid nodules (5%-12%) are malignant [9] , [23] , a large number of unnecessary biopsies are performed resulting in a substantial national financial health care burden. Moreover, many patients unnecessarily undergo biopsy and, potentially, surgery for benign disease. Therefore, there is a need for an alternative imaging modality that can improve the specificity of thyroid nodule diagnosis beyond conventional US imaging.
It is known that tissue stiffness may be a biomarker of pathology in various types of tissues [24] - [28] . Thyroid palpation has been the traditional method for assessment of thyroid nodules. with stiffer nodules associated with increased risk of malignancy [29] , [30] . However, assessment of thyroid nodule stiffness with palpation depends on several factors such as size, depth, and location of the nodule, as well as experience of the examiner [31] - [33] . Elasticity imaging is an emerging field of medical imaging for noninvasive evaluation of tissue stiffness [24] , [34] . For example, magnetic resonance elastography (MRE) has been shown to differentiate normal from pathological thyroid gland [35] . US-based elastography methods for thyroid nodule classification have been an interest for numerous researchers and clinicians because of several notable advantages of US imaging such as its being nonionizing, real-time, cost efficient, portable, and widely available in clinical practice [36] . Among US-based thyroid elastography methods, strain imaging or quasi-static elastography utilizes compression and strain imaging to obtain maps of relative stiffness [37] - [41] . However, strain imaging is a qualitative technique and its results are sensitive to operator experience in data acquisition and interpretation. A recent study reported the limitation of quasi-static elastography in screening thyroid nodules with indeterminate cytology and indicated the necessity for development of quantitative tools to better evaluate and differentiate the thyroid nodules [42] . Acoustic radiation force impulse (ARFI) shear wave imaging [43] and Supersonic Shear Imaging (SSI) [44] provide quantitative information about the tissue stiffness by generating shear waves within the tissue and measuring the propagation speed of the induced shear waves. Both methods use acoustic radiation force (ARF) to induce shear waves within the tissue of interest [43] . Both SSI and ARFI shear wave imaging provide 2-D maps of shear elasticity and have shown promising results in thyroid nodule assessment [45] - [51] . In addition, point quantification ARFI has also been used in measurement of thyroid tissue stiffness [52] , [53] .
Shear waves produced by ARF are usually weak and do not propagate far due to high attenuation in tissue [54] . Therefore, multiple push-detect events at different areas under the transducer are required to piece together a 2-D shear wave image with appropriate field-of-view (FOV). To address this limitation, our group has recently developed a novel ultrasound shear wave elastography called comb-push ultrasound shear elastography (CUSE) [55] , [56] . CUSE utilizes multiple simultaneous ARF push beams spaced out laterally like a comb for shear wave production. In CUSE, the entire FOV under the US transducer is filled with shear waves produced by multiple "teeth" of the comb-push to produce high signal-to-noise-ratio (SNR) shear wave signals throughout the FOV. Therefore, the full FOV under the transducer can be reconstructed in one single comb-push data acquisition taking only about 25 ms in most soft tissues. The wide FOV of CUSE is beneficial for thyroid imaging because multiple nodules separated by large distances can be captured in the same CUSE image. In addition, the fast acquisition feature of CUSE makes it less sensitive to interfering body or physiological motions (such as carotid artery pulsation) and allows averaging shear wave speed images from multiple acquisitions, further improving image SNR, and nodule boundary delineation.
In this study, we demonstrate the utility of CUSE to provide robust and accurate 2-D maps of thyroid tissue elasticity. Further, we investigate the potential of using CUSE results to differentiate between benign and malignant thyroid nodules. To the best of our knowledge, this study is the first demonstration of in vivo application of CUSE for assessment of thyroid nodules.
II. MATERIALS AND METHODS

A. Principles of CUSE Imaging
In CUSE, shear waves are produced by multiple laterallyspaced push beams [ Fig. 1(b) ]. The ARF push beams could be either unfocused or focused depending on the required penetration depth (i.e., the depth of the thyroid nodule) [56] . Shear waves produced by each push beam can be treated as independent realizations of a single excitation push beam. Shear waves from different push beams interfere with each other and eventually fill the entire FOV [ Fig. 1(c) ]. To achieve robust shear wave speed estimation, a directional filter is used to extract left-to-right (LR) propagating shear waves and right-to-left (RL) propagating shear waves from the interfering shear wave patterns [57] , [58] . A time-of-flight based shear wave speed estimate method is used to recover local shear wave speed at each pixel from both LR waves and RL waves. A final shear wave speed map is then composed by averaging LR and RL speed maps [ Fig. 1(d) ]. Additional technical details of CUSE imaging are described elsewhere [55] , [56] .
Assuming soft tissues are incompressible, linear, isotropic, and purely elastic, the Young's modulus (E) (representing the tissue stiffness, kPa) can be calculated as (1) where represents the density of the tissue (approximately 1000 kg/m for most soft tissues) and is the shear wave propagation speed [59] and E is in kPa. It must be noted that the Eq. (1) holds for an elastic (nonviscous) material in which the frequency dependency of shear waves is not taken into account [60] . In other words, the shear wave speed measured by CUSE is group velocity and thus does not represent the dispersive behavior of shear waves.
B. US/CUSE Imaging System
CUSE was implemented on a fully programmable US platform (Verasonics V-1, Verasonics Inc., Redmond, WA, USA) equipped with a linear array transducer L7-4 (Philips Healthcare, Andover, MA, USA). The Verasonics system is integrated around a software-based beamforming system that performs a pixel-oriented processing algorithm. The center frequency for comb-push beams was set to 4.09 MHz. The push pulse duration was set to 600 s. The maximum derated (at 0.3 dB/cm/MHz) mechanical index from all push beams was 1.81, maximum derated spatial peak time average intensity was 434 mW/cm2, both below the FDA regulatory limits mW/cm2). Upon comb-push excitation of the thyroid tissue, the Verasonics system immediately switched to plane wave imaging [44] , [61] mode with all transducer elements (center frequency 5 MHz) to track the propagation of shear waves [62] . The shear wave particle velocity is tracked by the compounding plane wave imaging method [61] and calculated by the 1-D autocorrelation method using the in-phase/ quadrature (IQ) data [63] . Upon US/CUSE data acquisition, the data were stored for further post processing. A MATLAB-based (Mathworks Inc., Natick, MA, USA) graphical user interface (GUI) was developed to process acquired CUSE data and reconstruct shear wave speed maps. The shear wave speed map calculated by CUSE was overlaid on the corresponding B-mode US image so that the CUSE speed information and the structural information in B-mode can be visualized in a single image. The combined image allows more accurate evaluation of measured stiffness within the nodules and in the normal thyroid tissue background. As a measure of quality control and ensuring the robustness of displacement calculations [64] , normalized cross-correlation coefficients were generated during the local shear wave speed calculation. Then, a n n ( or 5 pixels) mean filter was applied on the final shear wave speed map. The normalized cross-correlation coefficient (CC) varied between 0 and 1, where a larger coefficient indicated higher reliability in displacement calculation, and thus, more reliable shear wave data. A threshold of was imposed in all shear wave speed computations to reject the shear wave speed values calculated at pixels with . Therefore, the CUSE map was displayed only using pixels with reliable values. Each CUSE image was acquired in approximately 25 ms and no frame averaging was performed on the processed images.
C. Tissue-Mimicking Phantom Study
To evaluate the performance of CUSE in detecting lesions with clinically relevant sizes, we performed a tissue-mimicking phantom study on a standard elasticity phantom (CIRS model 049A, CIRS, Norfolk, VA, USA). This phantom contains four stepped cylindrical inclusions of different sizes ranging from 4.1 mm to 16.7 mm in diameters embedded in a background. All inclusions have the same stiffness and same acoustic attenuation of dB/cm/MHz. CUSE imaging was performed on inclusions of 4.1, 6.5. 10.4, and 16.7 mm in diameter, and the measured Young's modulus via CUSE was compared with the nominal values provided by the manufacturer. We chose phantom lesion type IV with nominal elasticity of 80 kPa for our analysis.
One of the most important technical considerations for shear wave imaging relates to the effect of tissue boundaries on shear wave speed measurements [57] , [65] . In other words, boundary conditions can induce artifacts and affect the measurements. In the case of thyroid tissue, this problem can be severe due to the relative small size of the thyroid gland. In CUSE, the directional filters minimize the effect of reflected waves from the tissue boundaries and thus minimize such artifacts. To demonstrate performance of CUSE for lesions located at different distances from tissue boundaries, another set of tissue-mimicking phantoms were tested. Each phantom consisted of a gelatin cube (6 6 6 cm) with a cylindrical inclusion (with diameter of 20 mm). The background was made out of 8% wt/wt gelatin from porcine skin (300 bloom, Sigma Aldrich, St. Louis, MO, US), 10% v/v Glycerol (Sigma Aldrich, St. Louis, MO, US), and 0.5% laponite (Sigma Aldrich, St. Louis, MO, US). To add ultrasound backscatterers to the phantom, 1% cellulose (Sigma Aldrich, MO, US) was added to the mixture. The inclusion was made out of 10% wt/wt gelatin (similar to what was used to make the background) and 1.5% agar (Sigma Aldrich, St. Louis, MO, US) was added to increase the stiffness. 2% wt/wt cellulose particles were added to the inclusion material to produce US scatterers. To test the effect of phantom boundaries on the resulting image, the cylindrical inclusions were placed at different relative locations in each phantom. For this purpose, four phantoms were made in which the distance between the center of the cylindrical nodule-mimicking inclusion and boundary of the tissue-mimicking gelatin block were 35, 25, 15, and 5 mm. These phantoms were imaged by our US/CUSE imaging system.
D. In Vivo Human Study
Prior to in vivo patient studies, the US/CUSE imaging system was optimized and its performance was evaluated on five healthy volunteers with no history of thyroid disease. The optimizations include adjusting CUSE parameters such as push ARF frequency, number of push beams, push beam width, the gap between the push beams, and US detection parameters including pulse-echo frequency and angle compounding in CUSE, as well as the practical aspects of thyroid imaging such as probe placement and minimizing the applied compression force on patients. After appropriate optimization, CUSE settings and imaging procedures were held constant in order to perform a consistent study and avoid undesired variations caused by discrepancies in imaging conditions. To evaluate the performance of the US/CUSE imaging system for in vivo imaging of patients with known thyroid nodules, the optimized system was used to image thyroid lobes in 10 patients (seven females and three males) diagnosed with suspicious thyroid nodules prior to ultrasound guided fine needle aspiration biopsy (FNAB). Patients selected for evaluation were volunteers, age 18 and up, who had suspicious thyroid nodules on their conventional thyroid US imaging. In addition to the patients, five healthy volunteers with no history of thyroid disease were also included in our CUSE study. Both left and right thyroid lobes were imaged in the healthy volunteers. The study was conducted under a protocol approved by the Mayo Clinic Institutional Review Board (IRB). Informed consent was obtained prior to imaging. FNAB of suspicious thyroid lesions occurred after US/CUSE imaging procedures in all cases, and the results were used to validate the acquired CUSE results. In five cases with suspicious or indeterminate FNAB results, patients underwent surgical biopsy. In this study, all three malignant nodules and two benign were proven by surgical pathology.
Patients and healthy volunteers were scanned in the supine position with their necks slightly tilted back and turned to the left or right (depending on the position of the suspicious nodule) to provide full exposure of the gland to the sonographer. The procedure was similar to the clinical practice of conventional thyroid US imaging [ Fig. 1(a) ]. In most cases, a longitudinal plane was selected for both US and CUSE imaging. The longitudinal view was preferred because it showed more normal adjacent thyroid tissue for comparison, and avoided the carotid artery. However, in a few cases and due to the size and location of the nodule, imaging was performed on a transverse plane. Clinical ultrasound was utilized for nodule location and CUSE imaging was performed on both the nodule and background healthy thyroid tissue for the sake of comparison between the stiffness of the nodule and the normal tissue. A highly experienced sonographer performed the examination and care was taken to minimize pressure on the skin to avoid the possible influence of compression [66] in elasticity measurements by CUSE.
III. RESULTS
US and CUSE results for tissue-mimicking phantoms and in vivo thyroid tissues are presented in this section. For CUSE results, we demonstrated the shear wave speed maps, which are directly proportional to the material stiffness according to (1) . 
A. Phantom Study Results
CUSE images of the CIRS phantom with cylindrical nodulemimicking inclusions of various sizes were acquired to investigate the accuracy of CUSE in imaging lesions of different sizes. Fig. 2 demonstrates the results of CUSE in the CIRS phantom. A diagram indicating the phantom structure and dimensions is shown in Fig. 2(a) . Fig. 2(b) -(e) shows 2-D images of shear wave speed obtained by CUSE in our CIRS phantom [ Fig. 2(a) ]. These images show that all inclusions and the background are clearly defined. No image denoising, smoothing, or frame averaging was used. These results demonstrate the capabilities of CUSE in detecting inclusions as small as 4.1 mm in diameter. Often in practice, routine FNAB of nodules less than 10 mm is discouraged [2] , because only a minority of smaller nodules, as small as 5 mm, are aggressive [67] . To further quantify the accuracy of CUSE measurements compared to the nominal stiffness of the inclusions, CUSE measurements were repeated five times for each inclusion and a "bias" parameter was defined as shown in the equation at the bottom of the page.
The bias values for inclusions of 4.1, 6.5, 10.4, and 16.7 mm in diameter were calculated as 23%, 12%, 5%, and 3.9%. Therefore, CUSE measurements of elasticity in inclusions larger than % 10 mm have approximately 5% error compared to the nominal values (measured by independent mechanical testing). Clinically, nodules larger than 10 mm in diameter are considered to be most significant. The nominal values of Young's Modulus are given by the phantom manufacturer (CIRS, Norfolk, VA, USA). Equation (1) was used to calculate the shear wave speeds from the given Young's moduli. Fig. 3 demonstrates the results of the second phantom study to evaluate the effect of the nodule distance to the tissue boundary. Fig. 3(a)-(d) indicates the combined shear wave speed maps measured by CUSE and overlaid on the B-mode US images of the phantom in cases where the boundary of the inclusion was 35, 25, 15, and 5 mm from the background boundary, respectively. The inclusion is clearly identified in all four scenarios. The mean shear wave speed in CUSE images of the inclusion at 35, 25, 15, and 5 mm away from the boundary of the background was measured as 4.7, 4.4, 4.4, and 4.2 m/s, respectively. These results demonstrate that CUSE images of the inclusions are consistent in shape and contrast at all distances from the boundary. Hence, boundary effects are not a significant factor in the quality of CUSE images.
B. Human In Vivo Results
Here, we present results utilizing CUSE in the evaluation of thyroid tissue from 10 patients and five healthy volunteers to demonstrate the feasibility of using the developed US/CUSE imaging system to detect and measure the shear wave speed (or equivalently the Young's modulus) of different types of thyroid nodules. Amongst the selected examined patients, seven thyroid nodules were benign and three nodules were diagnosed as papillary carcinomas. The pathology (FNAB) results of each case are included with the CUSE results. Fig. 4 illustrates the US and CUSE shear wave speed maps of a healthy thyroid lobe. The thyroid tissue is located beneath a muscular layer and the CUSE ROI is marked with a yellow dashed line in Fig. 4(a) . The shear wave speed map in Fig. 4(b) shows the normal thyroid tissue as homogenously, low in stiffness (i.e., low shear wave speed). The mean and standard deviation of shear wave speed was measured to be m/s within the thyroid tissue marked in panel a by the yellow boarder. There are a few pixels with high shear wave speed in the deeper part of the thyroid and adjacent to the thyroid tissue boundary. These artifacts apparently resulted from the adjacent high-stiffness muscle above and below the thyroid tissue. Fig. 5 represents the US image and CUSE shear wave speed map of the thyroid of a patient diagnosed with a benign nodule. The patient was a 62-year-old male with a suspicious nodule in his left thyroid lobe. The CUSE ROI is marked with a yellow dashed line in Fig. 5(a) . The nodule clearly appears in the US image as a round hypoechoic region marked with a dashed red contour. The CUSE image shown in Fig. 5(b) clearly indicates higher shear wave speed within the nodule compared to its surrounding normal background. The mean and standard deviation of shear wave speed in the nodule and thyroid background was measured as m/s and m/s, respectively. The US-guided FNAB revealed cytological features consistent with a benign thyroid nodule. Fig. 6 represents the US image and CUSE shear wave speed maps of thyroids in two patients diagnosed with papillary thyroid carcinomas (PTC). The first patient was an 18-year-old female with a suspicious nodule in her left thyroid lobe. The CUSE ROI is marked with a yellow dashed line in Fig. 6(a) . A suspicious 12-mm nodule located in the mid-portion of the lobe clearly appears in the US image as a hypoechoic region, which is marked with a dashed red contour. The shear wave speed measured by CUSE within the nodule was significantly faster than the normal thyroid background [ Fig. 6(b) ]. Other high-speed regions (red spots) seen in the lower part of the thyroid tissue near its border are artifacts resulting from the adjacent high-stiffness muscle. The mean and standard deviation of shear wave speed in the nodule and thyroid background was measured as m/s and m/s, respectively. The second patient was a 74-year-old female with a suspicious 9-mm nodule in her right thyroid lobe. While higher shear wave speed was detected within the nodule, the measured shear wave speed, and accordingly tissue stiffness, of the nodule was heterogeneous with large variations. This could be because of the heterogeneity of the nodule structure. In other words, pathology-driven tissue stiffening in thyroid nodules can be spatially nonuniform. From a diagnostic point of view, the presence of any high-stiffness region within the nodule could be clinically significant and alarming. Therefore, to be conservative in differentiating nodules, it was decided to take into account the highest values of the stiffness rather than the mean stiffness within the nodule. For this purpose, a threshold was selected at 70% of the peak value of the E, and mean and standard deviation of the nodule stiffness was calculated in areas with stiffness higher than this threshold. After the thresholding algorithm, the mean and standard deviation of shear wave speed in the nodule was measured as m/s. The mean and standard deviation of surrounding normal thyroid tissue was measured as m/s. The US-guided FNAB result of this case reveals PTC.
Young's modulus is commonly used to represent the stiffness of soft tissues. To further demonstrate the potential utility of CUSE to identify and classify thyroid nodules, the shear wave speed values measured by CUSE were converted to Young's modulus (E) using (1). Table I summarizes the CUSE measurements of E in healthy thyroid tissue and benign and malignant nodules. For each group, mean and standard deviation, the range (minimum-maximum), and 95% confidence interval for mean of E are calculated. Although our study group is small for calculating the sensitivity and specificity of CUSE, we observed a distinct difference between the E values of benign and malignant cases. Fig. 7 represents the box plot of calculated E in 20 normal thyroid tissues, seven benign thyroid nodules, and three malignant nodules. The normal group includes 10 from five healthy volunteers (both left and right thyroid lobes), and 10 from the healthy part of thyroid tissue in 10 patients. The mean and standard deviation of E for healthy thyroid tissue, benign, and malignant nodules was calculated as kPa, kPa, and kPa, respectively. Our results indicate that the tissue elasticity (i.e., E) is significantly higher in malignant nodules compared to benign nodules. Despite the small sample size, the Wilcoxon rank sum test indicates that the measured stiffness of benign and malignant groups are significantly different (Exact ). The measured E in one of the benign cases is significantly higher than the other six cases and is shown as an outlier marked with a red plus in Fig. 7 .
IV. DISCUSSION
CUSE is a novel 2-D shear elasticity imaging method with two major advantages over other current shear elasticity imaging techniques. First, because CUSE uses multiple ARF push beam excitations, the whole FOV is filled with shear waves leading to more accurate and reliable measurements of shear wave speed [55] , [56] . Consequently, CUSE is less affected by significant shear wave attenuation in areas that are far from the push beam. Secondly, and more importantly, in CUSE, a full FOV 2-D reconstruction of shear wave speed map can be obtained with only one fast data acquisition (about 25 ms). Such fast acquisition can play an important role for thyroid imaging applications where the carotid pulsation can result in significant interference. Because the CUSE acquisition time ( ms) is much shorter than the carotid pulsation ( pulse/s), no significant interference and consequent motion artifact is anticipated. The notable advantages of CUSE suggest its potential utility as a complementary tool to B-mode imaging, providing additional clinically important information about the internal composition of thyroid nodules.
Ex vivo tissue mimicking phantom studies revealed two important features of CUSE imaging. First, our results indicated high accuracy of CUSE in measuring the stiffness of nodules larger than 10 mm. In clinical practice, thyroid nodules smaller than 10 mm are considered less suspicious. Consequently, we believe CUSE would provide useful complementary diagnostic information to B-mode US imaging in clinical settings. Second, our tissue mimicking phantom results indicate the robustness of CUSE measurements of a stiffer inclusion located within a softer background and at different distances (5-35 mm) to the boundary of the background. Therefore, CUSE should be capable of assessing the stiffness of the thyroid nodules that are close to the thyroid capsule. In the preliminary assessment of thyroid, all nodules subjected to CUSE analysis were all larger than 10 mm in diameter and were recommended for FNAB. In most cases, we tried to find a view in which the lesion is surrounded by normal tissue on both sides, however, in two patients, including the case shown in Fig. 6(c) and (d) , the nodule was fairly close to the boundary of the thyroid tissue. Similar to the phantom studies, we could obtain a clear shear wave speed map of each nodule.
All CUSE maps shown in this work indicate the shear wave speed. However, since reporting the Young's modulus is more common in the literature [28] , [48] , [49] , we converted the shear wave speed to the Young's modulus in the summarized results (Table I and boxplot in Fig. 7 ) to facilitate easier comparison with literature results. Our preliminary in vivo results indicate two important findings. First, the CUSE shear wave speed (or stiffness) map can accurately localize the thyroid nodules. In both benign and malignant cases, the higher shear wave speed was measured in regions that are associated with nodules. Second, the shear wave speed map, and thus the measured E, is significantly higher in malignant nodules compared to benign. This second finding suggests the potential utility of CUSE measurements to classify thyroid nodules and potentially distinguishing nodules that should be biopsied from those that should be observed. For example, our results (Fig. 7) , suggest that E values higher than 120 kPa correlate with higher probability of malignancy (sensitivity: 100%, specificity: 87%). Although the number of cases in this pilot study is limited, our results indicate a distinct difference between the measured stiffness in benign and malignant nodules. Other studies have also reported higher stiffness in malignant nodules compared to benign nodules. However, an overlap between shear wave elasticity measurements of benign and malignant thyroid nodules is reported in the same reports [51] , [68] . While a study on a larger group of patients is required to further evaluate the abilities of CUSE, the clear distinction between the measured stiffness in benign and malignant nodules shown in Fig. 7 could be the result of thresholding higher stiffness values (as opposed to the mean) within the nodule. The high speed of CUSE, which minimizes errors caused by tissue motion, may be another reason leading to clearly defined nodules and a good separation between benign and malignant nodules. The clinical report for the benign case in which a high stiffness ( kPa) was measured, indicates a focally calcified nodule. We speculate the higher stiffness measured in this case could be due to the presence of calcifications, as observed in [69] .
One limitation of our study is the lack of comparison between CUSE and other similar shear-wave based elastography techniques, a potential topic for a future study. The B-mode US images presented in this study are of lower quality as compared to clinical US images. This limitation is due to the utilization of plane-wave (ultrafast) US imaging [61] , [70] in our US/CUSE system that leads to a high frame rate US imaging, which is essential for reliable tracking of shear waves but results in lower quality B-mode US. A potential future optimization of CUSE imaging is to use conventional B-mode US imaging [71] techniques with line-by-line scanning in combination with CUSE shear wave speed maps tracked by plane-wave imaging. We did not use ECG gating to minimize the effect of carotid pulsation in this study. However, we did not notice significant interference from carotid pulsation, likely due to the short CUSE acquisition time. Nevertheless, it is possible to use ECG gating to perform the CUSE data acquisition between carotid pulses to minimize the effect of intrinsic tissue movements.
V. CONCLUSION
We have demonstrated the feasibility of utilizing a novel shear elastography technique, CUSE, to measure the stiffness of thyroid nodules in vivo. The significant advantages of CUSE, such as large FOV and fast acquisition, provide a reliable shear wave speed map, and thus, accurate and reliable measurement of stiffness in thyroid nodules. Our preliminary in vivo results indicate significant differences between benign and malignant nodules in terms of CUSE stiffness measurements. These findings suggest that CUSE could potentially serve as a noninvasive tool for classifying thyroid nodules based on their stiffness (or shear wave speed). Our results should provide a foundation for further investigation of thyroid nodules using this technology in a larger patient population.
